Objective: To investigate the acute effects of long-term wholebody vibration on leg muscle performance and functional capacity in persons with multiple sclerosis. Design: A randomized controlled trial. Subjects: Twenty-five patients with multiple sclerosis (mean age 47.9 ± 1.9 years; Expanded Disability Status Scale 4.3 ± 0.2) were assigned randomly to whole-body vibration training (n = 11) or to a control group (n = 14). Methods: The whole-body vibration group performed static and dynamic leg squats and lunges on a vibration platform (25-45 Hz, 2.5 mm amplitude) during a 20-week training period (5 training sessions per 2-week cycle), and the control group maintained their usual lifestyle. PRE-, MID-(10 weeks) and POST-(20 weeks) knee-muscle maximal isometric and dynamic strength, strength endurance and speed of movement were measured using isokinetic dynamometry. Function was determined through the Berg Balance Scale, Timed Up and Go, Two-minute Walk Test and the Timed 25-Foot Walk Test. Results: Leg muscle performance and functional capacity were not altered following 10 or 20 weeks of whole-body vibration. Conclusion: Under the conditions of the present study, the applied 20-week whole-body vibration exercise protocol did not improve leg muscle performance or functional capacity in mild-to moderately impaired persons with multiple sclerosis during and immediately after the training programme.
INTRODUCTION
Multiple sclerosis (MS) is a progressive inflammatory and degenerative disease of the central nervous system (1). The most prevalent symptoms are sensory changes, fatigue, balance disorders, spasticity, motor weakness and impaired muscular performance (2, 3). As a result, many persons with MS exhibit poor functional capacity and reduced quality of life (4). A considerable part of these symptoms may also result from a disease-related inactive lifestyle, which, at least in part, is reversible through physical exercise (5, 6). Contrary to earlier beliefs, aerobic exercise and resistance training to date have been shown to be well tolerated and able to induce beneficial effects in patients with MS (3, 6) . Depending on the degree of disability, however, patients with MS may experience difficulties in performing conventional aerobic exercises and resistance training.
Because positive training results in various sports, fitness and geriatric rehabilitation have been demonstrated (7) and because the unloaded static and/or dynamic exercises performed usually require a limited active range of motion, whole-body vibration (WBV) exercise may be an interesting alternative exercise mode for upper motor neurone disorders. During WBV the vertical platform vibrations induce involuntary muscle contractions that are initiated by sensory receptors and reduce the recruitment threshold of motor units (8). This probably results in a more rapid activation of high-threshold fast-twitch muscle fibres (9, 10) . In keeping with the WBV working mechanism suggested above, it has already been tested in stroke (11) and cerebral palsy (12). Because MS is, amongst others, associated with an impaired ability fully to activate motor units during voluntary contractions, decreased maximal motor unit firing rates and reduced average muscle fibre cross-sectional area (13-15), WBV exercise may be a promising strength-training method specifically for people with MS. Hence, to date, vibration platforms are increasingly used in MS rehabilitation centres and clinical practices, although supporting evidence is lacking. Minor acute effects on postural control and functional mobility and a trend towards a higher leg muscle peak torque after a single WBV session in patients with MS have been reported (16, 17) , but effects after longerterm training remain largely unexplored. To our knowledge, so far the latter has only been investigated by Schyns et al. (18) , who performed a longer-term 4-week randomized cross-over pilot study in 16 people with MS. They reported that additional WBV training had no additional benefits on muscle strength and functional performance compared with exercise alone; however, patients reported fewer spasms (18). Four weeks of WBV exercise may have been too short to, on the one hand, induce neural muscle adaptations leading to increased muscle performance and functionality, and on the other hand, progressively increase training volume and training intensity to create an adequate training overload during the intervention period. Furthermore, Schyns et al. (18) investigated the additional effects of WBV compared with the performance of exercises alone, which may obscure minimal effects induced by the vibration to some extent. The effect of WBV compared with no intervention remains unknown.
For the above-mentioned reasons and because long-term WBV in sedentary healthy people exerted marked improvements in a wide variety of muscle strength and functional parameters (19) (20) (21) , the present study investigated the effects of a 20-week WBV training programme on leg performance and overall functional capacity in mild-to moderately impaired MS patients.
METHODS

Subjects
After being informed of all the experimental procedures to be undertaken, 29 ambulatory community-based patients with MS residing in the Hasselt region volunteered (written informed consent) to participate in this study (see Fig. 1 ). Exclusion criteria on admission were: (i) > 3 relapses in the preceding 1 year or > 1.0 Expanded Disability Status Scale (EDSS) increase in the preceding 1 year; (ii) corticosteroid treatments 28 days before the study start; (iii) pregnancy; (iv) severe psychiatric disorders; (v) internal fracture materials and/or (total) joint replacements; and (vi) any contra-indication for light to moderately intense physical exercise. After the first screening 25 patients (mean ± standard error (SE) age 47.9 ± 1.9 years) with a mean ± SE EDSS score (4.3 ± 0.2, 22) ranging from 1.5 to 6.5 were included in the study and they were asked to maintain their normal living habits and not to participate in any other study. See Table I for a detailed description of the subjects. This study was approved by the Hasselt University ethics committee according to the Declaration of Helsinki.
Study design
A randomized controlled trial was performed over a 20-week period. Following study inclusion the baseline (PRE) measurements were performed on 3 separate days, interspersed by at least 48-h recovery/ rest intervals. Measurements involved unilateral skeletal muscle performance testing on an isokinetic dynamometer (day 1, Biodex Medical Systems ® , System 3, Inc., Shirley, New York, USA), evaluation of functional capacity (day 2) and routine neurological consultations and registration of perceived fatigue (day 3). At baseline (day 3) only, m. quadriceps spasticity was assessed by the Modified Ashworth Scale (MAS, 23) and cognitive functioning was determined by the Paced Auditory Serial Addition Task (PASAT, 24) test. Following baseline measurements and to ascertain equality between groups, subjects were coupled into pairs that, in a decreasing order of importance, matched for EDSS, age and gender by an independent investigator. Hence, 14 subjects were assigned to the control group (CON: mean ± SE EDSS: 4.1 ± 0.3, mean ± SE age: 49.7 ± 3.3 years, ♀: n = 11, ♂: n = 3, Table  I ) and were instructed to maintain their normal living habits. The remaining 11 subjects (EDSS: mean ± SE 4.5 ± 0.4, mean ± SE age: 46 ± 2.1 years, ♀: n = 7, ♂: n = 4, Table I ) underwent a WBV exercise programme. Between-group baseline characteristics (Table I) were not statistically different. Following 10 (MID) and 20 (POST) weeks and at least 72 h after the last training session, baseline measurements were repeated by the same investigator on the same time of the day in both groups. As such, at MID a 12-day training break interspersed the first and last 10 weeks. With the exception of the neurologist who determined the EDSS scores, the investigators were not blinded. The 
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results were not disclosed to the subjects and investigators until study termination.
Whole-body vibration
The WBV group performed a leg muscle training programme consisting of exercises that were executed statically (weeks 1-20) or dynamically (weeks 11-20) on a vibration platform (Alpha Vibe ® Nijverdal, The Nether lands). This platform was equipped with a supportive horizontal bar/handle offering bilateral standing assistance to MS patients with a high EDSS score. The acceleration of the mainly vertical vibration platform, recorded by means of an accelerometer (ADXL202-SER, Analog Devices, Norwood, USA), was 2.32 g and 2.71 g at 20 Hz and 40 Hz, respectively. The training programme included high (knee angle between 120° and 130°) and deep squats (knee angle 90°), wide stance squats, lunges and heel rises. These exercises were executed in an "unloaded" (i.e. without the use of external weights) standing posture. According to the overload principle training volume and intensity was increased systematically over the 20-week training period by increasing the duration and the number of exercise series or the number of different exercises by shortening the rest periods, varying the applied vibration frequency (25-40 Hz) and changing the execution form of the exercises from predominantly 2-legged to 1-legged exercises (see Table II for a detailed description). Between exercises, subjects were allowed to recover (chair sit). The WBV exercise protocol described above was identical to the training protocol for healthy adults previously used by Roelants et al. (19) and Delecluse et al. (20) . Each WBV exercise session lasted for a maximum of 50 min including warming-up performed on a cycle ergometer (Kettler ® , 5 min, 30 watt, 50-70 rpm, Ense-Parsit, Germany) and cooling-down that involved stretching of the major lower limb muscle groups. Perceived overall and leg fatigue was assessed using a visual analogue scale (VAS; range 0-10 cm; 0 cm = extremely exhausted; 10 cm = no fatigue) before and after each training session (25). Furthermore subjects completed the Borg scale (range 6-20) after each session in their training diary (26). The qualified trainer to subject ratio was 1:2.
Muscle performance
Dynamometry. Maximal voluntary unilateral knee-extensor and knee flexor strength of the right leg was evaluated on an isokinetic dynamometer (Biodex Medical Systems ® , system 3, Inc, Shirley, New York, USA). After a 5-min standardized warm-up on a quadriceps bench, right-side unilateral strength tests were performed in a seated position on a backward inclined (5°) chair. The rotational axis of the dynamometer was aligned with the transverse knee-joint axis and connected to the distal end of the tibia by means of a length-adjustable lever arm. The upper leg, hips and shoulders were stabilized with safety belts. The 3-dimensional positions of the rotation axis, position of the chair and length of the lever arm were identical in PRE-, MID-and POST-tests (27-29).
Maximal isometric torque. Following one submaximal trial contraction, two maximal isometric knee-extensions and flexions (3 s) were performed at knee angles of 45° and 90°. Maximal contractions were interspersed by 90-s rest intervals. The highest isometric extension and flexion torques (Nm) of the manually smoothed curves at each knee angle were selected as maximal isometric torque.
Maximal dynamic torque. Subjects performed 4 maximal consecutive isokinetic knee-extensions at a velocity of 60°/s after 3 submaximal trial contractions. Knee-extensions were initiated at a joint angle of 90° to an angle of 160°. Following each extension the leg was returned passively to the starting position from which the next contraction was immediately initiated. The highest of 4 isokinetic extension torques (Nm) was then selected as maximal dynamic torque.
Maximal strength endurance. Following 3 submaximal trial contractions, subjects performed 20 maximal dynamic knee-extensions at a velocity of 180°/s to assess strength endurance. Knee-extensions were initiated at a joint angle of 90° to an angle of 160°. Following each extension the leg was returned passively to the starting position from which the next contraction was immediately initiated. To determine muscle strength endurance, the average work (J) of the first 6 contractions was compared with the last 6 contractions and expressed as a percentage decrease.
Maximal speed of movement of knee-extension. The subjects performed 4 tests. Subjects were asked to extend their lower leg 4 times at the highest speed possible from a knee joint angle of 90° to an angle of 160°. The individual degree of resistance on the lever arm was then determined at 1%, 20%, 40% and 60% of the maximal isometric peak torque of the knee-extensors at a knee angle of 90°. At each test the maximal velocity of the lever arm (°/s) was recorded to determine the speed of movement.
Functional capacity
Functional capacity was measured using a variety of different tests.
• Berg Balance Scale (BBS). This performance-based measure of balance comprises 14 observable tasks involving functional balance control, transfers, turning and stepping. Scoring is based on the patients' ability to perform the tasks independently within certain time and disturbance requirements (30).
• Timed Get Up and Go (TUG) . Here, the time (s) needed to get up off a chair without armrest, walk 3 m, turn back to the chair and sit down again, was recorded (31).
• Two-Minute Walk Test (2MWT). Subjects were asked to walk as far (m) as possible within 2 min, back and forth along a 30-m long stretch. Subjects were allowed to rest during the 2-minute time period and use assistive devices. Standardized verbal encouragements were given every 30 s (32).
• The 25-Foot Walk test (T25FW).
Subjects were asked to walk on a demarked 25-foot course (7.62 m) as quickly but safely as possible. Assistive devices were permitted if necessary (33). 
RESULTS
Training compliance and side-effects
Training compliance (Fig. 1) . In total, 23 of the 25 subjects completed the study. Two CON patients retreated before study termination due to a severe relapse or perceived lack of time to continue the study measurements. In total, 537 of the 550 planned WBV exercise sessions were performed.
Perceived training exertion. The average VAS measures before and after each training session for the overall and specific lower limb fatigue remained stable throughout the study course. BORG scores increased significantly (p = 0.02) over the intervention period and post-hoc Tukey-Kramer analyses indicate a significant increase in period 4 (mean ± SE 12.6 ± 0.28, p = 0.01) and period 5 (mean ± SE 12.8 ± 0.34, p = 0.02), both compared with period 1 (mean ± SE 10.9 ± 0.25).
Muscle performance
Muscle strength (Table III) . At baseline muscle performance did not statistically differ between groups. Compared with baseline, maximal isometric knee-flexor torque (45° and 90°) at study termination was lower (time effect, p < 0.05) in CON. Compared with CON, 20 weeks of WBV did not increase maximal isometric knee-extensor and knee-flexor torque in both knee angles (group × time effect, knee-extensors: 45°, p = 0.07; 90°, p = 0.23; knee-flexors: 45°, p = 0.64; 90°, p = 0.57). Maximal dynamic torque and maximal strength endurance of the knee-extensors did not change following 20 weeks of WBV in any group (no statistically significant group × time effect).
Speed of movement of knee-extension.
No differences were found in the group × time × resistance analyses (p = 0.99). Furthermore, there were no significant (p < 0.05) interaction effects (group × time) for the 4 resistance levels (p = 0.57 (1%); 0.98 (20%); 0.06 (40%) and 0.40 (60%)).
Functional capacity
At baseline, there were no statistically differences between groups for the EDSS, BBS, TUG, 2MWT and T25FW values. Following the study period, no group × time interaction effects were detected for any functional capacity test (Table IV) . Values represent maximal isometric knee-extensor and flexor (knee angles of 45° and 90°), maximal dynamic knee-extension and maximal kneeextension strength endurance torques before (PRE) and after 10 (MID) and 20 (POST) weeks of whole-body vibration (WBV) training or control (CON) treatment. p-values represent interaction effects and *significant time effect (p < 0.05) compared with baseline. SE: standard error. To our knowledge this is the first study to investigate the impact of long-term static and dynamic WBV exercise on muscle performance, measured by isometric and isokinetic dynamometry, in persons with MS compared with no intervention at all. Here, WBV exercise did not have any significant effect on knee muscle isometric strength, dynamic strength and strength endurance, or maximal speed of movement. These are rather surprising results, because, on the one hand, the applied WBV exercise programme was very similar to previous longterm programmes in younger and older healthy people exerting significant strength gains of 7-15% (19, 20, 34-37) , and, on the other hand, based on the "initial training status" principle it could be expected that MS patients could realize even greater improvements as they have a significantly lower muscle strength at baseline compared with untrained healthy subjects (38, 39). Thus, it is difficult to explain the absence of any training effect. One could argue that, despite the fact that the training volume and intensity was progressively increased according to the overload principle, the WBV training programme used in this study may have been too intense for MS patients, inducing overtraining. However, the reported overall (mean ± SE 5.6 ± 0.1) and leg muscle fatigue (mean ± SE 5.8 ± 0.2) VAS and Borg perceived exertion (mean ± SE 12.0 ± 0.1) scores during and after training correspond to moderate-intensity training (39), and subjects described the provided WBV training as non-exhausting. Because in MS muscle weakness is probably caused by both the disease process per se and by inactivity, the important question then arises as to what extent training stimuli exert similar physiological muscular training responses compared with healthy individuals. So far, a variety of studies have addressed this issue. To date, it is clear that strength and cardiovascular training, either combined or not, improve muscle strength and overall physical fitness in MS (6). Very often, this is associated with improved quality of life (6, 40, 41) and some improved functional mobility measures, such as walking speed and walking distance, especially when performed in supervised exercise facilities (41) (42) (43) (44) . Compared with the improvements usually acquired in cardiovascular and/or strength training studies with healthy individuals (20-30%, 45, 46) , strength increases obtained in MS are markedly smaller (7-16%, 29, 44) . Possible WBV effects in MS, therefore, may also be limited compared with healthy individuals. In fact, because reported strength increases resulting from WBV in healthy individuals are usually small (7), non-significant increases in persons with MS could be expected. Finally, it is important to note that the majority of the participating subjects were persons still living in the community. The persons in the intervention group made their own travel arrangment to travel to the training facility for 6 months. As such, it may hypothesized that subjects were (physically) more active than the average person with MS and therefore showed no or limited (muscular) deconditioning (13, 47) , and that this would therefore limit the potential for improvement.
Similar to healthy individuals (48), a positive relationship between muscular strength and functional capacity during daily living in persons with MS has been demonstrated (4). Functional capacity can be assessed using a variety of different measures, such as gait speed, walking distance and balance (18, 29, 42, 44, 49) . We applied the BBS, TUG, 2MWT and T25FW. In accordance with the muscle strength data, and despite the fact that we applied both static and dynamic WBV exercises (18), functional capacity did not improve following 20 weeks of WBV training in the MS patients in this study. This confirms results of Schyns et al. (18) , who reported statistically unchanged 10 m-walking time and TUG performance following additional WBV training performance compared with exercise alone.
Due to its explorative nature the present study contains limitations. The small sample sizes used probably decreased statistical power. This could have clouded a possible statistical significance during isometric knee-extension (p = 0.07, interaction effect at 45° knee angle). Also, training programmes were not individualized. This may have decreased the rate of training progression. No "placebo" group was included and thus it is uncertain that a sufficient vibration stimulus was ever provided. We applied lower limb open chain strength measures. Thus, closed chain training effects, such as in WBV, may be underestimated with our test battery and lower limb training effects remain unexplored. Finally, this study investigated only the acute upper leg strength and function effects following long-term WBV training. Longterm effects and effects on quality of life that may be present remain unknown. Given its weaknesses, and considering the high variability (EDSS scores, leg muscle strength asymmetry, functional capacity) occurring in MS compared with healthy subjects, the following recommendations should be considered. First, larger scale training studies that include a "placebo" group, quality of life assessment and follow-up measurements are necessary. Secondly, a more individualized training progression approach using optimal individual vibration parameters through for example electromyography or calf muscle strength measurements may stimulate the adaptive responses of MS patients. Finally, the use of closed chain strength measurements following WBV is probably more appropriate.
In conclusion, the applied WBV protocol seems safe for MS patients, but under the conditions of the present study long-term WBV probably does not improve upper leg muscle strength and functional capacity in mild-to moderately impaired community-based MS patients during and immediately after the training programme.
